Abstract-A controlled resonant circuit charges an energy-storage capacitor bank with a precision of ± 0.1 percent from an unregulated ± 2-percent dc source. The capacitor bank energizes an efficient thyristorcontrolled pulse-forming discharge circuit. These circuits, which generate magnet pulses of 300 J at a rate of 30/s, are analyzed in this paper.
I. INTRODUCTION FOR INJECTION of H-ions at 50 MeV into a synchrotron
at the Argonne National Laboratory, three injection bump magnets must be pulsed 30 times per second. Fig. 1 shows the orbit deformation produced by the magnets during injection. Fig. 2 shows the desired current pulse and associated magnet voltage for the series-connected magnets. The current rises sinusoidally to its peak value of 3 kA in 500 M.s. After the current has passed its peak, it decays exponentially during the beam-injection time. At the end of the injection, the current must be turned off within 125 ,us because the magnetic field would interfere with beam acceleration. The current shape during turnoff is unimportant and, for this reason, is shown as a straight line in Fig. 2 . Different modes of injection require that the time constant of the injection field be adjustable between 1.2 ms (solid waveforms in Fig. 2 ) and 0.45 ms (dotted waveforms in Fig. 2 ). No commutation spikes may appear in the current waveform.
II. A PULSED POWER SUPPLY WITH LIMITED ENERGY RECOVERY Fig. 3 is a schematic diagram of a charging circuit to store energy in capacitor Cl and of a discharge circuit which generates the desired magnet pulse with a minimum number of circuit components.
A. A Controlled Charging-Choke Circuit with Energy Recovery
When thyristor SI is turned on, the unregulated voltage E of a conventional dc power supply is applied to a charging circuit comprising L1, C1, and R1. As shown in Fig. 4 With thyristor S2 across the charging choke L1, we can ter- Manuscript received January 18, 1978; revised July 28, 1978 . This work was supported by the U.S. Department of Energy.
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(15) Injection is terminated at time t3 when thyristors S4 and S5 are turned on. This causes the charge on C2 to discharge. One discharge path is through L2 via Ss, another is through R5 via S5, S3, and S4, and the third is through the magnets via S5 , S3, and Cl. The reverse current through S3 and the reverse voltage provided by C2 will turn off S3 in <25 ps. Thyristor S5 turns off when the current in the oscillatory L2C2 circuit tries to reverse after C2 has reached its negative peak voltage. During the turnoff time of S3, the magnet is exposed to the The relatively simple pulse forming discharge circuit shown in Fig. 3 has the following undesirable features: 1) the coil windings of the magnets and of inductor L2 must be rated for 4 kV; 2) thyristor assemblies S3 and S5 must be rated for 4 kV; 3) a 4-kV charging power supply and a 105-,F 4-kV capacitor are required for the turnoff circuit; 4) the turnoff circuit carries a peak current of 15 kA; 5) the energies stored at the end of injection in the magnets and in C1 are lost. These energies, at 2 kA and R4 = 50 mQ2, will amount to 120 J in the magnet and 8.5 J in C1. They cause losses of 3.86 kW at a 30-Hz repetition rate.
III. A PULSED POWER SUPPLY WITH OPTIMUM ENERGY RECOVERY
To avoid the shortcomings of the circuit of Fig. 3 , the more sophisticated circuit shown in Fig. 9 was developed. A typical magnet pulse generated by this circuit is shown in Fig. 10. A. Controlled Charging-Choke Circuit with Energy Recovered from C1 A negative charge is accumulated on C1 when the magnet is crowbarred by diode D1 and resistor R4 at time t2 in Fig. 10 . Diode D2 prevents this charge from dissipating in R4. This is shown as a dashed line ec, = U in Fig. 10 and has a profound effect on circuit efficiency. The energies stored in C1 and in L1 at the end of a magnet pulse will aid the dc power supply in charging C1 to EC, for the next magnet pulse.
As shown in Fig. 11 , the very first charging pulse of the circuit of Fig. 9 is identical to the first one of the circuit of Fig.  3 . However, in the circuit of Fig. 9 , the negative charge on C1, proportional to the trapped voltage U, will cause all subsequent charging pulses to have an energy boost proportional to U2. This causes the charge time of subsequent pulses to decrease and the circulating current i2 in the charging choke to increase. This process continues until a steady-state condition is reached.
For the circuit of Fig. 9 where U is the negative voltage on C, at to.
As illustrated in Fig. 12 , with a power-supply voltage of E = 410 V, the time for the initial charge to reach 800 V from zero is 23.1 ms, ending with a circulating current of 15.2 A. All subsequent pulses begin with U = -280 V on capacitor Cl . The second charge has a duration of only -17 ms and ends with a circulating current of -10 A. Finally, a stable condition is reached with a charge time of -6 ms and a circulating current of -270 A. This high circulating current causes i2R losses of about 6.5 kW in the charging choke Ll. The operating conditions illustrated by Figs. 11-13 result in high losses in the charging-choke coil and, therefore, compare poorly with the ones shown in Fig. 5 , for the circuit of Fig. 3 . However, they can be corrected easily by operating the more efficient circuit of Fig. 9 from a lower supply voltage. Tapping the rectifier transformer back to a dc output voltage of E = 271 V provides a steady-state capacitor voltage of 800 V with a charge pulse of 19 ms duration and a circulating current of i2 = 41.2 A as shown in Fig. 14 . Recovering the negative charge on capacitor Cl has reduced the power drawn from the line.
B. Startup of Charging-Choke Circuit
In the circuit of Fig. 3 , the peak voltage on capacitor C, is always less than twice the supply voltage; that is, EC, < 2E.
To start operation, the reference voltage is set for the desired operating voltage er = kEc , and the circuit will then perform as shown in Figs. 4 and 5. To operate the charging-choke circuit of Fig. 9 efficiently, the desired capacitor voltage must be larger than twice the supply voltage, that is, Ec, > 2E, as illustrated by the steady-state condition shown in Fig. 14 . With this circuit, steady-state charging conditions can be reached in two different ways. EC, > 2E, the first charging pulse will not reach Ec,. As a consequence, thyristor S2 will not be turned on, and the circuit operates during the first charge like an ordinary chargingchoke circuit. For example, with E = 271 V and for Ec1 = 800 V, capacitor Cl will be initially charged to ec < 542 V.
When the capacitor discharges, this voltage will drive a peak current of only 2 kA through the magnets. During the first discharge, a voltage of U= -190 V is trapped on Cl . This voltage will aid in the second cycle to charge Cl to a higher voltage. In this way, the circuit reaches steady-state after a few pulses.
2) Startup by Setting er/k < 2E < Ec,: Another, perhaps less convenient, way of startup is as follows. The reference voltage is initially set for er/k < 2E. After a few pulses, sufficient energy is stored in L1 and Cl to permit setting of the reference voltage to the desired operating level. For example, with E = 271 V and for Ec, = 800 V, one could initially set er/k = 500 V. As shown in Fig. 14 C. Discharge Circuit with Energy Recovery When the magnets are to be pulsed for the first time, the only component of the discharge circuit of Fig. 9 with stored energy is capacitor C1 . Therefore, the sequence of the operation is as follows. 1) In preparation for continuous operation, thyristor S4 is turned on at to. As shown in Fig. 15 , thyristor S4 will stay on until capacitor C2 is charged from Cl (through D2, L3, and the injection bump magnets) to a voltage ec2 6 2Ec, at time tl.
2) At time t2, thyristor S5 is turned on. With C2 = C3 = C, the energy stored in C2 at time t2 is transferred to C3 at time t3, except for losses, and S5 turns off. The inductance L2 never stores more than half the total energy during this transfer. The transfer current is Ec iC3 =-iC2 =~2 e_a3tsinW4t 3) The first magnet pulse is initiated at time t4 by turning on S3. As described previously, the current will rise, pass its peak at time t5, and transfer into the crowbar. In the above equations a04 =(RM+R4)I2LM The value of C2 has been chosen to resonate with the 60-,uH magnet at 2 kHz in order to bring the current to zero in 125 ,us. Diode D3 switches water-cooled resistor R5 in the turnoff circuit at time t8 when the current in L4 has passed its peak. Between times t8 and tio, the energy in L4 dissipates mostly in R5 and very little in the high-Q inductor.
This completes the first discharge cycle with capacitor C1 having a negative charge and C2 having a positive charge. The circuit is now ready to charge C1 from the dc power supply in preparation for the next magnet pulse.
The sequence of operation for subsequent magnet pulses is as described for the first pulse, with one exception. With capacitor C2 having a positive charge at the end of every magnet pulse, we no longer need to charge C2 from capacitor C1. Time-delay inductor L3 is reset when the charge on C2 is transferred to C3.
Important features of this circuit as compared to the circuit of Fig. 3 are the following.
1) The coil windings of the magnets and chokes must only be rated for 1.5 kV.
2) All thyristors and diode assemblies must only be rated for 1.5 kV.
3) No separate power supply is required for charging turnoff capacitor C3; capacitors C2 and C3 are rated for only 1.5 kV.
4) The turnoff circuit carries a peak current of only 5.2 kA.
5) The energy trapped in C1 during discharge is used during the charge cycle. The energy recovered in C2 from the magnet is used to charge C3 and to terminate the next current pulse before it is dissipated in R5 . 6) After S3 has been turned off, the magnet voltage increases from <150 V sinusoidally in 125 ,us to <1500 V, as compared to the <4-kV step change in the circuit of Fig. 3 . This helps to keep S3 turned off.
With the turnoff energy on C3 obtained from the energy stored in the magnet (via C2 and L2), the circuit compensates automatically for different values of magnet current. For example, with a current of 2 kA at time t3 as shown in Fig. 10 An oscilloscope picture of a typical magnet current pulse is shown in Fig. 16 . At the end of the injection time, it can be noticed on the trace that, for a very short time, the current decays faster than described by (18). The reason for this is that, during the turnoff time of S3, the magnet circuit is connected to C3. This forces a rate of change of the magnet current dit3 eC3 + eRM + eR (20) dt LM during the turnoff time.
IV. CIRCUIT COMPONENTS A few details of special components of the circuit of Fig. 9 are given below. C. TurnoffInductor L4 Inductor L4 carries both the load current and the turnoff current pulse. The sum of these currents has a maximum rms value of 741 A with operating conditions as shown in Fig. 10 . The turnoff circuit resonates at 5.9 kHz. At this frequency, the skin depth of copper is 6 = 0.086 cm. For the inductor to have low losses, it was wound with 80 insulated wires of #14 AWG in parallel. This wire has a diameter d = 2 6. The inductor has a C-core made from 4-mil laminations of grainoriented silicon steel with a cross section of 65 cm2, an air gap of 4.2 cm, and six turns. 
